We discuss observations of nonthermal line broadening seen in solar flares by the Solar Maximum Mission satellite in light of recent results on the generation of magnetic field stochasticity. We show that a consistent model for the data can be constructed by assuming that the observations signal the destruction of an ambient magnetohydrodynamic equilibrium.
I. INTRODUCTION
The spectroscopic capabilities of the Solar Maximum Mission (SMM), P78-1, and Hinotori satellites have led to a number of qualitatively new observations of solar flares, perhaps the most striking of which are the data on line broadening observed during the initial stages of flares (viz., Culhane et al 1981; Tanaka et al. 1982; Doschek eí al. 1985) . In this paper we shall focus on one particular type of line broadening observation which we believe may hold a key to the processes which led to the disruptive behavior characteristic of solar flares.
The onset of solar flares is characterized by large nonthermal broadening of soft X-ray lines emitted by highly ionized heavy ions, such as Ca xix and Fe xxv. This effect is usually attributed to the presence of nonthermal plasma motions, and may be observed 1 or 2 minutes before the impulsive increase in hard X-ray flux (which traditionally marks the onset of flaring), and before the appearance of high-speed upflows of chromospheric material heated to coronal temperatures (chromospheric "evaporation"; Antonucci, Gabriel, and Dennis 1984) . The excess line widths persist as long as there is observational evidence for energy release in the flare site. In the decay phase of flares, nonthermal velocities either are not observed, or are present at very low levels. The turbulence level in the plasma appears to be independent of the position of the flare on the solar disk.
A number of interpretations of these data are possible, the most commonly accepted of which regard the overall line profile as a superposition of various Doppler-shifted components; this superposition is believed to be a result of an integration along the line of sight of various distinct, unresolved loop structures (or parts of loop structures). In this paper, we wish to pursue an alternative picture, in which the observed line broadening is due to a superposition of Dopplershifted line profiles arising from distinct plasma flows originating within a single loop structure. We shall show that this hypothesis not only gives good account of the data, but also that it is a natural theoretical consequence of the lack of topo-1 Also, Department of Physics, University of Crete, Heraklion, Greece. logical stability (viz., Tsinganos, Distler, and Rosner 1984) of coronal magnetic structures.
The structure of our paper is thus as follows. We first present a brief summary of the data ( § II), describe the model and apply it to the data ( § III), and then summarize our conclusions ( § IV).
II. DATA High-resolution spectroscopic observations of the thermal plasma formed during solar flares have been performed during the last solar maximum with the Solflex experiment on the P78-1 satellite , the soft X-ray polychromator on board the SSM satellite (Acton et al. 1980) , and the SOX spectrometers on the Hinotori satellite (Tanaka et al. 1982) . The data from these observations have shown that just before and during the impulsive phase (when energy is presumably first released), the width of soft X-ray spectral lines is larger than expected from the thermal broadening, as predicted from the electron temperature derived for the emitting plasma. This broadening effect is seen throughout the impulsive phase; however, the line broadening does decrease as the impulsive phase wanes, so that lines are thermal (or almost thermal) after the peak in soft X-ray flux Feldman et al. 1980; Antonucci, Gabriel, and Dennis 1984; Tanaka et al. 1982) . These results are reviewed by Doschek et a/. (1985) .
The spectral regions preferentially observed by these experiments are those of the Ca xix and Fe xxv helium-like resonance lines, formed at temperatures typical of flare plasmas (which are in the range 1-3 x 10 7 K). The satellite lines formed in the same spectral regions provide direct information on the electron temperature of the source (Gabriel 1972) . Since the electron temperature is well determined, the nonthermal excess in line width can be confidently derived. This excess cannot, in general, be attributed to a difference in ion and electron temperatures because at the densities estimated for flare plasmas, the required temperature difference cannot be maintained for time intervals as long as the flare rise times. The estimated turbulent velocity amplitude derived from the presumed Doppler temperature is between 100 to 200 km s -1 . Nonthermal broadenings are also observed in cooler coronal lines and in transition lines (Doschek et al 1985) during the impulsive phase.
Analysis of a large number of flares observed with the bent crystal spectrometer of the SMM soft X-ray polychromator (Antonucci, Gabriel, and Dennis 1984) revealed the following key features :
1. The nonthermal excess in line width is larger at flare onset, and decreases monotonically during the impulsive phase. Thus, the maximum broadening is found to precede or to coincide with the peak in hard X-ray flux; in the decay phase, spectral lines are thermal, and late in the decay, the line width may increase again, with a velocity parameter of ~60 kms -1 . 2. The degree of nonthermal excess appears to be uncorrelated with the position of flares on the solar disk. Thus, an average nonthermal velocity of 100 ± 40 km s _1 is found for disk flares, and 120 + 30 km s -1 for flares at longitudes beyond 60°. Furthermore, limb flares (such as the flare of 1980 June 29) show nonthermal excesses comparable to that of flares observed on the disk.
3. When significant soft X-ray emission is detected before the hard X-ray burst, the nonthermal line broadening is observed to increase 1 or 2 minutes before the hard X-ray burst. The increase in line width is in general accompanied by moderate intensity nonimpulsive hard X-ray flux. This increase in line width for disk flares occurs before blueshifted components are observed in the spectra (note that the blueshifts are observed to be simultaneous with the impulsive increase in hard X-ray emission at burst onset). These blueshifts are usually interpreted as the signature of high-speed upflows of chromospheric material as it is heated to coronal temperatures during the " evaporation " process .
The particularly well observed flare of 1980 May 21 typifies these characteristics. In this event, which was not preceded by any detectable soft X-ray emission at temperatures of 10 7 K from the active region, it is possible to clearly distinguish the initial phase, characterized by nonthermal velocities of ~ 220 km s -1 and moderate intensity hard X-ray flux, from the impulsive increase in hard X-ray emission and the onset of plasma upflows (see Antonucci ei al 1982 Antonucci ei al , 1985 Antonucci, Marocchi, and Simnett 1984) . At this stage, soft X-rays are emitted predominantly from one of the two footpoints of the flaring loop system (Antonucci, Marocchi, and Simnett 1984; Antonucci et al 1985) . Flare footpoints can be clearly identified in a second stage, in coincidence with the impulsive increase in hard X-ray flux, when localized hard X-ray sources appear in correspondence with the Ha kernels. This emission is thought to be due to energy deposition at the loop base by nonthermal electrons (Hoyng et al 1981) .
The first spectrum obtained during the May 21 event in the Ca xix spectral region, averaged over a 2 minute period, is shown in Figure la . The initial time of the observation period is 20:53 :02 UT. Spectral features are not resolved due to the large nonthermal broadenings, and profile of the resonance line is consistent with a Doppler temperature of 1.3 x 10 8 K, while the inferred electron temperature is only 9 x 10 6 K. The difference in Doppler and electron temperatures implies a nonthermal velocity of 220 ± 30 km s -1 . This initial calcium spectrum is to be compared with the spectrum obtained at the peak of the soft X-ray flare (Fig. \b) . The continuous curves superposed on the the data are synthetic spectra computed as described in .
The soft X-ray image in the energy band from 3.5 to 8 keV of the flare region in the initial state at 20: 53 :02 UT (as obtained with the SSM hard X-ray imaging spectrometer; van Beek et al 1980) has been published by Antonucci et al (1985; their Fig. 5) . Within the maximum spatial resolution (8") of this spectrometer, two points (A and B) are identified to correspond to the position of the footpoints of the flaring loop system as inferred from the hard X-ray images in the energy band from 16 to 30 keV (detected by the same instrument at 20:55:06 UT). The dominant feature around footpoint B has an area of ~1.4 x 10 18 cm 2 , and emits 30% of the total flux. The soft X-ray image at 20:55 :06 UT, simultaneous with the appearance of the hard X-ray footpoints, indicates that initially the thermal plasma is denser close to the base of the flaring loop system.
Comparison of the temporal variation of the turbulent velocity derived from the calcium spectra with the hard X-ray emmission detected by the SSM hard X-ray burst spectrometer (Orwig, Frost, and Dennis 1980) , integrated over the energy band from 25 to 386 keV, demonstrates that significant nonthermal velocities are observed as long as the hard X-ray flux remains at high level, and has a hard spectrum ; that is, as long as there is significant energy release in the flare region.
III. NONTHERMAL FLARE LINE-BROADENING MODEL: MAGNETIC
STOCHASTICITY How are these data to be interpreted? While there is consensus on the association of the excessive line broadening with mass motions, the nature of these mass motions is not as well established. In this section, we begin by briefly reviewing one common explanation for the broadening, as set out most recently by Doschek et al (1985) in their full discussion of both the pro and con views of the evaporative model for understanding the observed flare line broadening (this model's application to the observed blueshifts is also discussed by Doschek et al, an issue which we do not take up in this paper). Our aim is to show, in agreement with the con position expounded in Doschek et al, that this most straightforward model does leave unexplained several crucial features of the data, which will figure prominently in defining our model. a) The Simplest Model for Nonthermal Line Broadening Let us first consider the most straightforward explanation for the observed broadening. As discussed in the pro argument presented in Doschek et al (1985) , broadened lines may result because of convective flows within loops, which originate during the "evaporation" phase. This interpretation is suggested by the fact that both nonthermal motions and plasma upflows in the active coronal loops are observed only during the impulsive phase, and by the correlation between the peak values of the isotropic nonthermal and upward flow velocities. Furthermore, numerical simulations of flaring loops (see, e.g., Meweeia/. 1986) predict line broadening (as well as blueshifted spectral components) even for the case of a single loop configuaration; in this simplest case, the broadening results when -for example-the flare heating spatial dependence (Cheng, Karpen, and Doschek 1984) or the loop geometry itself is asymmetric, and can also arise for certain projections of the loop with respect to the line of sight for intrinsically symmetric loops. Moreover, it has been argued that a much more plausible flare configuration than a single " flare loop " is a complex of loops which participates in the flaring process. In this more realistic case, the line broadening from convective flows is yet No. 2, 1986 more easily achieved because the superposition of the contributions of a distribution of loops (and their associated convective flows) within a resolution element must be taken into account. In favor of this interpretation is also the fact that line broadening decreases with decreasing temperature, which is to be related to the lower evaporation velocities expected for cooler material (Doschek et al 1985) . In summary, it seems to us that there is no doubt that introduction of sufficient geometric complexity can allow the above model to account for the data. However, given this necessary geometric complexity, it seems worthwhile to ask whether a more economic explanation for the phenomena is available. To better define the requirements for such an explanation, consider the major observational challenges faced by the geometric models (see also the con position of Doschek et al. 1985 on this issue) discussed in the following.
i) Lack of a Longitude Dependence of the Isotropic T urbulent Flow Parameters
If "evaporation" is the cause of the convective motions which lead to the line broadening (as well as to the blue wings), we would expect some dependence of line width on the flare longitude (because the flows induced by the "evaporation" process are dominantly vertical to the solar surface). This expected effect would be most pronounced for limb flares. It is relatively trivial to model this behavior : assume that the evaporative flow within a single loop is described by the blueshifted component seen disk-on, and further assume that the flare site is a composite of loops with a uniform distribution in the angle between the solar surface normal and the normal to the loop plane (so that the loops are on average inclined to the solar surface at angles between 0 and ± n/2). In this most favorable case (because it includes the implausible case of loops lying parallel to the solar surface), the convolution of the projected velocity distribution with the loop orientation distribution yields a predicted line profile at disk center which will not show any red wings (see § IIIa [ii] ), but will show a blue wing. In contrast, unless there is a strong asymmetry of flows within loops, a flaring region at the limb will show only weak blue wings (as well as weak red wings). Indeed, the data do show that the transient blue component (which is most naturally associated with the " evaporated " material) is not observed in limb flares. If the nonthermal broadening is in fact related to these upflows, one would then expect at least some corresponding decrease in its contribution to the observed line profile in limb flares (as the systematic blue wing is absent): however, the available data do not confirm either this effect, or ANTONUCCI, ROSNER, AND TSINGANOS Vol. 301 978 the existence of any correlation between the broadening and the angle between the line of sight and the local radial direction in the immediate vicinity of a flare. Thus, the available data do suggest that the turbulent motion field within the loop(s) is isotropic, at least to the accuracy which can be attained to date.
ii) Symmetry of the Broadened Line for On-Disk Flares The dominant changes in the Ca xix line at flare onset are the strong increase in intensity and the substantial symmetrical broadening of the line about line center, the latter independent of flare location on the disk. We find it physically implausible to construct an ensemble of flaring loops such that the observed Ca xix line emission receives equal contributions from up and down flowing large-scale flows independent of the flare location (as required by the line symmetry). Asymmetries in the impulsive heating within any given loop can lead to flows of opposite sign near the loop's two footpoints (S. Antiochos, private communication), but it is unlikely that such asymmetries always arrange themselves so that the emission measure contributions from up and down flowing material are always identical (to present experimental uncertainties). Antiochos has also suggested that during the initial heating phase (before evaporation has occurred), the expansion of heated preexisting coronal material will lead to an initial phase of downflows near the loop footpoints (as, in fact, are seen and discussed, e.g., in the simulations reported by Mewe et al 1986); however, this effect (which does explain the redshifted portion of the broadening) fails to account for the comparable blueshifted portion of the broadening.
iii) Relative Timing of Nonthermal Broadening and Blueshifts Nonthermal velocities are often observed before the appearance of high-speed upflows (i.e., before the appearance of significant blue wings); certainly, the emission which occurs this early during the rise phase cannot be easily explained in terms of a distribution of convective velocities driven by the " evaporation " process (see also § Ilia [i]). In this initial phase, moreover, the nonthermal velocities are quite large; indeed, the associated line broadening (together with a moderate flux of hard X-rays) is often the first evidence for flare onset as seen by looking at high-energy photons, In summary, observations of individual flares indicate the presence of fairly isotropic flows during the early part of flare onset; these flows exist in addition to the systematic upward flows (which are most likely related to the initial "evaporation" of chromospheric material). The lack of any longitude dependence of both the red and blue wings of the line broadening for different flares and its symmetry suggests that the broadening is indeed isotropic (and not simply due to a superposition of Doppler shifted components which arise within distinct, but unresolved, loops); the timing of the onset of strong line broadening calls into question its association with the evaporation process ; and the fact that broadening occurs (and is largest) at the very onset of the flare argues that it is preexisting (not newly evaporated) coronal material which is responsible for the line broadening. Our arguments thus support the proposition that the observed broadening appears isotropic not because of accidental superposition of various unresolved flaring loops (and associated interior convective flows) along the line of sight, but because the fluid which gives rise to the observed emission is indeed isotropically turbulent in any one given loop structure (i.e., the fluid is, on the dimensions of the loop, locally isotropically turbulent).
The idea that the observed broadening is the result of locally isotropic motions within well-defined, local regions in a loop is not new, and in fact underlies the recent "maser" model of Melrose and Dulk (1984) . They suggest that the flaring coronal plasma can be heated to temperatures of ~10 7 K through local absorption of photons produced by direct production of electromagnetic radiation via a gyrosynchrotron loss cone instability (viz., Wu and Lee 1979) . This instability is thought to occur in a large number of small regions, resulting in short elementary bursts; its end result is to transform the free energy residing in the perpendicular (to B) motions of mirrored (reflected) accelerated electrons to radio frequency radiation. The localized heating in the flare region leads then to rapid expansion of the heated plasma at speeds up to the ion sound speed; this expansion may account for the observed nonthermal line broadening. Thus, in this model, nonthermal motions, and the associated line broadening, are expected as long as the hard X-ray emission is observed. In the next section, we propose an alternative picture, which also leads to fairly isotropic motions within any one given loop right at flare onset.
b) Field Line Stochasticity and the Onset of Flare Fluid
Turbulence It has been long recognized that it is difficult to construct stable magnetostatic (or magnetohydrodynamic) equilibria; that is, it has not in general been possible to devise equilibria other than ones with high degree of symmetry in a systematic manner (see, e.g., Manheimer and Lashmore-Davies 1984 for a review of plasma equilibria and their stability properties; also Boozer 1984; Cary and Littlejohn 1983) . This has led to the conjecture that this difficulty is not simply computational, but rather is generic; i.e., that lack of equilibrium states for geometries that have no simple spatial symmetry is a fundamental property of magnetofluids (Grad 1967; Parker 1972 Parker , 1979 . This conjecture has recently received theoretical support from the demonstration that in the absence of rigid boundaries and gravity, symmetric magnetostatic equilibria are topologically unstable (Tsinganos 1983; Rosner and Knobloch 1983; Tsinganos, Distler, and Rosner 1984) ; that is, such equilibria have the property that (except for a special class of perturbations of zero measure) arbitrary perturbations necessarily lead to a violation of the magnetostatic constraint-pressure surfaces no longer coincide with magnetic flux surfaces-so that the system becomes dynamic. Typically, the symmetry of the original equilibrium is broken because singular points arise within the configuration, and, as shown by Parker (1982 Parker ( ,1983 ; see also Vainshtein and Parker 1984), static equilibrium is not possible in the vicinity of such new singular points. Thus, the imposition of external perturbations on an equilibrium MHD structure leads to a situation in which the system locally departs from static conditions, and local reconnection occurs (cf. reviews by Freiberg 1982 and Manheimer and LashmoreDavies 1984) . In the context of laboratory plasma confinement, this process is related to the destruction of magnetic surfaces and the formation of magnetic islands; in the context of heating the solar corona, Parker (1983) has extended this argument to the case ñ • B ^Oon the surface bounding the magnetized plasma (e.g., at the photospheric footpoints of coronal magnetic structures). In this latter case, he has argued that local deviation from magnetostatics and reconnection arise in the lower solar atmosphere because of the continual deformation of coronal magnetic fields by the horizontal cellular No. 2, 1986 photospheric flow field. In summary, local nonequilibrium (i.e., lack of local static equilibrium) leads naturally to formation of localized reconnection regions and initially isolated magnetic islands throughout the loop volume.
What is the consequence of this local destabilization in the context of a single flaring loop? We conjecture that the system will continue to evolve quasi-steadily (consistent with the field line topology imposed by the perturbation) until island formation has proceeded sufficiently to produce regions of overlapping islands; this leads to the onset of field line stochasticity, strongly enhanced local reconnection and dissipation, and enhancement of plasma transport coefficients (see Freiberg 1982; a related process, proposed in the context of a specific MHD instability, e.g., island overlap of unstable tearing modes located in distinct unstable tearing layers, has been proposed by Finn 1975, and applied to the flare onset problem by Spicer 1976 Spicer ,1977 .
It is essential to distinguish this succession of events from the destabilizing process previously suggested by Low (1982a, b) and others, who have argued that solar flares represent the terminal point of an evolutionary sequence of " nearby " equilibria through which a system evolves as it is subjected to external perturbations ; this terminal point is reached when the sequence of equilibria ends in the sense that there are no longer any nearby equilibria to which the system could evolve. Our model is distinguished from these earlier studies in that (i) we do not identify the onset of flaring with the point of termination of a sequence of nearby equilibrium states, but rather view it as the point at which a topological unstable, quasi-steadily evolving state (which need not be force-free; compare with Heyvaerts and Priest 1983) reaches the stochastic domain; and (ii) the instability in our picture does not manifest itself in a global MHD instability, but rather in a drastic departure from statics throughout the entire volume of the system, wherever singular field line behavior as a result of island overlap, and local reconnection, occurs. These localized reconnection events are then expected to occur at the very onset of the flareindeed, in our picture, they mark the very beginning of flare onset.
In the same connection, Parker (1983) has followed the hydrodynamics of a layer of fluid confined by the pressure of the reconnecting magnetic fields, and found initial acceleration of the fluid and formation of jets that " squirt " away from the reconnection site, leading eventually to a quasi-static configuration characterized by jet deceleration and simpler magnetic topologies. If this "microscopic" picture of the reconnection dynamics applies to the reconnection sites we presume are distributed throughout the flare loop volume, we can decide quantitatively whether the observations of line broadening are consistent with our model, and what conclusions regarding the nature of the reconnection regions can be drawn. Specifically, consider the May 21 flare discussed above, for which the necessary data are in hand. Comparison of HXIS/SMM and magnetograph data (the latter obtained at 20:15 UT, courtesy of J. Harvey) shows that at the flare site, the mean photospheric magnetic field strength at one of the flare loop footpoints (marked "A" in Fig. Id Now, if the broadening is indeed due to the superposition of random outflows (whose rate ought to be of the order of the Alfvén speed) in many reconnection sites, then we would expect that v A & v t ; this can be true only if the estimate of the plasma density in the reconnection site used above is in error (it is unlikely that our estimate of the field strength is so seriously in error). A moment's reflection shows why the above estimate for n indeed ought to be in error: we assumed that the emission measure is associated with the entire (16") 3 coronal volume estimated from the SXR images, with a filling factor of unity, even though the model asserts that the emission is in fact coming from a large number of small-scale reconnection sites scattered throughout the volume of the flaring loop. To be consistent, we thus equate v A and v tf and then determine n: we obtain n ae 6.6 x 10 11 cm -3 . This implies that the filling factor is in fact ~ 5% of the total volume seen by the SXR in emission.
Finally, the flows ejected by the localized reconnection regions will take some time to dissipate in the low-viscosity corona; in fact, in the absence of turbulent mixing (which will further contribute to the isotropization of the turbulent flows), the shortest relevant time scale for stopping these flows is the geometrical crossing time: if we estimate the length of the entire loop (from footpoint to footpoint) to be of order 10 10 cm, then this time scale is ~450 s. This is consistent with the ^-folding decay time of the observed turbulent velocity v t , x ä 400 s.
IV. SUMMARY
In this paper, we have put forth an alternative model for the recent observations that solar flares are accompanied by line broadening at the very onset of the flare, i.e., earlier than one would expect any significant "evaporation" of plasma from the loop footpoints. We briefly recapitulate recent theoretical work on the topological stability of magnetic structures, which suggests that departures from static equilibrium should be accompanied by the formation of singular points and magnetic islands throughout the volume of the plasma, and that when island overlap occurs, field line stochasticity and localized reconnection result, manifesting themselves by onset of vigorous flows near the localized reconnection regions. We suggest that it is the superposition of these flows associated with local reconnection sites scattered throughout the flare loop which leads to the observed line broadening. More particularly, we show that the observations are quantitatively consistent with a model in which the turbulent broadening of high temperature plasma is entirely due to the outflowing motions from reconnection sites scattered throughout the flaring loop.
The model we propose to account for the turbulent line broadening has several additional attractive features. The most obvious is that the reconnection sites we invoke to account for the macroscopic plasma streaming will also be sites of localized particle acceleration. As discussed in § II, hard X-ray bursts are observed precisely during the period in which turbulent line broadening is observed ; in our model, the particles which give rise to the bursts may have their origin in the many scattered reconnection sites we have invoked. In particular, this implies that particle acceleration does not occur at just a very few selected sites within a loop, but rather occurs throughout the loop volume. An especially interesting possibility is then that particles accelerated in any one such reconnection region continue to be accelerated in other reconnection regions they encounter as they traverse the loop; such multiple acceleration encounters may provide the Fermi process called for by the particle spectra deduced from the SMM hard X-ray and gamma-ray observations (viz., Ramaty et al 1985, and references therein). A further feature of our model is that it does not not sharply distinguish between flare heating and the far more prevalent low-level " microflaring " (Lin et al 1984) which seems to characterize the active solar corona. Indeed, as argued by Rosner and Vaiana (1978) , a stochastic energy release process of the kind we have discussed here naturally
